We have undertaken a large-scale microarray gene expression analysis using cDNAs corresponding to 21,000 Xenopus laevis ESTs. mRNAs from 37 samples, including embryos and adult organs, were profiled. Cluster analysis of embryos of different stages was carried out and revealed expected affinities between gastrulae and neurulae, as well as between advanced neurulae and tadpoles, while egg and feeding larvae were clearly separated. Cluster analysis of adult organs showed some unexpected tissue-relatedness, e.g. kidney is more related to endodermal than to mesodermal tissues and the brain is separated from other neuroectodermal derivatives. Cluster analysis of genes revealed major phases of co-ordinate gene expression between egg and adult stages. During the maternal-early embryonic phase, genes maintaining a rapidly dividing cell state are predominantly expressed (cell cycle regulators, chromatin proteins). Genes involved in protein biosynthesis are progressively induced from mid-embryogenesis onwards. The larval-adult phase is characterised by expression of genes involved in metabolism and terminal differentiation. Thirteen potential synexpression groups were identified, which encompass components of diverse molecular processes or supra-molecular structures, including chromatin, RNA processing and nucleolar function, cell cycle, respiratory chain/Krebs cycle, protein biosynthesis, endoplasmic reticulum, vesicle transport, synaptic vesicle, microtubule, intermediate filament, epithelial proteins and collagen. Data filtering identified genes with potential stage-, region-and organ-specific expression. The dataset was assembled in the iChip microarray database, http://www.dkfz.de/molecular_embryology/microarraydb.html, which allows user-defined queries. The study provides insights into the higher order of vertebrate gene expression, identifies synexpression groups and marker genes, and makes predictions for the biological role of numerous uncharacterized genes.
Introduction
There is consensus that differential gene expression is a key mechanism underlying cell differentiation and embryogenesis. Thus, a central aim of modern developmental biology is to understand how gene expression changes during embryogenesis, which factors regulate these changes and how these factors interact. In the age of the genome the ultimate goal is to systematically characterize embryonic expression patterns of all genes in a given species. In vertebrates, with their estimated 30-40,000 genes, an analysis of differential gene expression at cellular resolution, e.g. by in situ hybridisation, is technically challenging. Such analyses are therefore reserved to that subset of genes, which show a restricted spatial or temporal expression pattern. Large-scale in situ hybridisation screens have been carried out in embryos of various animal species, including mouse (Bettenhausen and Gossler, 1995; Neidhardt et al., 2000) , Xenopus (Gawantka et al., 1998; Pollet et al., 2005) , zebrafish (Kudoh et al., 2001) , Medaka (Quiring et al., 2004) , Drosophila (Tomancak et al., 2002) , and ascidians (e.g. Makabe et al., 2001; Nishikata et al., 2001; Satou et al., 2001) . However, for genome-wide expression analysis the method of choice is profiling using cDNA microarrays, which allows to query thousands of transcripts simultaneously, albeit at reduced cellular resolution compared to in situ hybridisation. Microarray expression profiling can provide a panoramic view of the major changes occurring in gene expression over the course of embryogenesis (Arbeitman et al., 2002) . It allows identifying markers and potential candidate developmental control genes for organs/cells of interest. Importantly, largescale gene expression screens, cDNA microarray analysis and situ hybridisation reveal the co-ordinate expression of genes functioning in common molecular pathways or processes. In cDNA microarray experiments, such coordinated changes are manifest in so-called expression clusters, groups of genes whose expression profile is more or less tightly correlated. Tight co-expression was found e.g. for 20 genes acting in yeast mitochondria; co-ordinated regulation of 15 genes whose products act in cell cycle and proliferation was also found in the response of human fibroblast to serum (Eisen et al., 1998; Iyer et al., 1999) .
Similarly, large-scale in situ hybridisation screens have revealed groups of genes that share a complex expression pattern and that function in common molecular pathways. Such clusters, or synexpression groups, encompass various molecular processes, such as protein secretion, chromatin assembly and growth factor signalling (Gawantka et al., 1998; Niehrs and Pollet, 1999; Grotewold et al., 2001; Fürthauer et al., 2002; Niehrs and Meinhardt, 2002; Tsang et al., 2002) . Similar to gene clusters defined by microarrays, genes of synexpression groups show tight spatiotemporal RNA co-expression over various stages of embryogenesis. A well characterised example is the BMP4 synexpression group, consisting of eight members, which all encode components of the BMP signalling cascade as studied in early development (Gawantka et al., 1998; Karaulanov et al., 2004) . Importantly, identification of co-expressed gene clusters and synexpression groups allows to assemble genes into common molecular pathways and to predict the role of genes with unknown function.
cDNA microarray studies have been carried out in embryos of various organisms, including C. elegans (Hill et al., 2000) , Drosophila (White et al., 1999; Furlong et al., 2001; Arbeitman et al., 2002) , Ciona (Azumi et al., 2003; Ishibashi et al., 2003) , zebrafish (Lo et al., 2003) and mouse (Tanaka et al., 2000; Miki et al., 2001; Mody et al., 2001; Bono et al., 2003) . Among vertebrates, Xenopus has the advantage that it permits to easily collect preparative quantities of embryos from all stages, parts of embryos, as well as embryos manipulated by drug treatment or mRNA injection. This provides large sets of samples as is required for a meaningful statistical analysis. The feasibility of microarray analysis in Xenopus has been demonstrated (Altmann et al., 2001; Tran et al., 2002; König et al., 2004) and microarrays have been used for the identification of developmental control genes in Xenopus (Munoz-Sanjuan et al., 2002; Bell et al., 2003; Taverner et al., 2005) . However, a systematic survey of gene expression in Xenopus is still lacking.
Here, we carried out large-scale gene expression profiling over the course of Xenopus embryogenesis as well as in adult Xenopus organs, using more than 20,000 cDNAs. We have analyzed the expression data to obtain coexpressed gene clusters and to identify candidate genes with region-or tissue-specific expression. The study provides a panoramic view of gene expression in Xenopus laevis, identifies molecular markers and makes predictions of gene function.
Results

Properties of Xenopus cDNA microarrays
The cDNA microarrays used in this study contain 42,566 clones including 326 control clones (e.g. lambda phage genes, elongation factor 1 alpha and cytochrome c oxidase) and 42,240 cDNA clones derived from Xenopus libraries of two embryonic stages (stages 15 and 25). These libraries were normalized to reduce redundancy (NIBB/NIG X. laevis EST project http://xenopus.nibb.ac.jp/). The 42,240 clones were annotated and 74.2% mapped to TIGR contigs. On average, 2.4 clones per contig were found. This redundancy provided internal replicates for many genes on the arrays. Multiple replicates showing similar expression profiles enhance the reliability of the data. Following hybridisation, image analysis and data normalisation, the data were filtered as described in Section 4 to retain the upper 50% of clones with robust expression and to eliminate low quality data. This final dataset contains 21,483 clones, of which 16,514 match 7,715 TIGR contigs.
A deliberately diverse set of 37 Xenopus embryo/organ samples was utilized ( Fig. 1) , which formed the basis of gene expression cluster analysis. We profiled gene expression in Xenopus embryos collected at nine different stages, from egg to feeding tadpole. To detect spatially restricted gene expression, we also analyzed embryo fragments from four different stages, e.g. dissected dorsal blastopore lip, dorsal and ventral gastrula halves, anterior and posterior neurula halves, as well as dissected head, trunk and tailbud. Furthermore, we collected samples of embryos dorsalized by LiCl treatment at the 32-cell stage (Kao and Elinson, 1988) and embryos ventralized by suramin injection (Grunz, 1992) . Finally, gene expression in 12 organs dissected from adult frogs was analyzed to learn about global gene expression differences or similarities between embryos and adults. These 37 samples were co-hybridised with a common reference consisting of pooled mRNAs from eight embryonic stages. Unless indicated otherwise, we refer to transcript abundance of a given sample compared to pool as relative gene expression level on logarithmic scale (base 2), i.e. 0 indicates equal expression levels in sample and reference and G1 indicate 2-fold induction and repression, respectively. The changes of expression level for a gene over multiple samples are referred to as its expression profile.
To test the reliability of expression data obtained by microarray experiments we carried out various controls. Technical reproducibility was analyzed by comparing gene expression levels from two independent hybridisations of the same RNA sample against pool RNA ( Fig. 2A) . The correlation coefficient between the two experiments is 0.96. Of 21,483 clones only 45 and 3 clones are differentially expressed by more than 2-and 4-fold, respectively. Thus, the estimated frequency of false-positive 2-and 4-fold changes in gene expression level is 0.21% and 0.01%, respectively. For comparison, the correlation coefficient of two different samples (wild type stage 13 and stage 10.5) is 0.37 (Fig. 2B ). Further evidence for technical reproducibility is illustrated by the observation that the expression profiles of 53 clones representing elongation factor 1 alpha spotted on the slides at different concentrations as positive controls, tightly cluster together (Fig. 2C) . The results support the reliability of our microarray expression data.
To confirm that the microarray experiments yield biologically meaningful results, we asked if the expression profiles of known marker genes represented in our dataset match their published expression pattern (Fig. 3) . The characteristic expression of chordin, beginning at gastrula stage and restricted to the Spemann organizer (Sasai et al., 1994) was confirmed (Fig. 3A) . For the ventral marker xvent2 (Onichtchouk et al., 1996) , the described onset of expression at gastrula stage and its preferential ventral localization was observed (Fig. 3B) . The anterior and posterior markers xag (Sive et al., 1989) and xpo (Sato and Sargent, 1991) , Fig. 2 . Technical reproducibility of microarray profiling. (A) The same stage 15 organiser explant sample was hybridised twice with the reference sample. Gene expression levels from the two experiments are plotted on the x and on the y axis. (B) Gene expression levels from stage 10.5 and stage 13 embryos are plotted on the x and on the y axis. The five green diagonals in the scatter plots represent from the middle 0, 2-and 4-fold up-and down-regulation, respectively. On the right side of each scatter plot, the corresponding gene expression levels are represented in the hierarchical cluster diagram. (C) Magnification from the hierarchical cluster (Fig. 4A ) where 53 elongation factor 1 alpha (ef1aO) control-clones cluster tightly together. In all panels blue, yellow, red colour indicate low-medium-high expression level. respectively, showed the expected expression profiles in neurulae and tadpoles (Fig. 3C,D) . Several organ-specific markers were expressed in the expected tissue ( Fig. 3E-H) : Lbp/crtr1 in kidney (Rodda et al., 2001) , alpha-2-macroglobulin in liver (Northemann et al., 1985) , cardiac actin in heart (Mohun et al., 1984) and fast skeletal troponin in muscle (Warkman and Atkinson, 2002) .
Cluster analysis of embryonic stages and organs
Cluster analysis is a computational method, which calculates the similarities of objects in large datasets to reveal patterns and higher order structure. The entire dataset was subjected to hierarchical clustering (Eisen et al., 1998) where both genes and samples were clustered (Fig. 4A) . (green, left) indicates the relatedness in expression of the genes. Individual clones are not resolved at this magnification. LiCl, lithium chloride; sur, suramin; d, dorsal half; v, ventral half; o, organizer; a, anterior; p, posterior; m, trunk, sp, spinal cord; stom, stomach; intest, small intestine; musc, skeletal muscle.
The resulting diagram shows gene expression profiles of all clones (rows) over all samples (columns). This cluster diagram reveals a higher order of gene expression and tissue-relatedness, respectively. Samples of embryos cluster together on the left part of the diagram, adult organs on the right part and they are separated by ovary and testis. The stage 47 (feeding tadpole) sample is more related to adult organ samples than to embryonic samples, consistent with the advanced organogenesis at this stage. At least five major clusters of genes with a differential expression between embryo-and adult-samples are evident. These clusters were also found by k-means clustering (described below) and are colour coded in the bar on the left.
To investigate the relatedness of different embryonic stages and adult organs, respectively, their expression profiles were subjected to separate hierarchical cluster analysis (Fig. 4B,C) . The progressive differentiation of the embryo is reflected in the dendrogram of stage relatedness. Gastrula (stages 10 and 10.5) and early-mid neurula stages (stages 13 and 15) are closely related to each other, respectively (Fig. 4B ). Together they form a sub-group that is more distant from a late neurula-early tadpole stage subgroup (stages 19, 24, and 28). The egg and feeding tadpole (stage 47) samples are at the two extremes, having clearly distinct patterns (Fig. 4B ). In the dendrogram of the adult tissues (Fig. 4C) , the germ line organs, testis and ovary, cluster together and are clearly separated from somatic organs. Other couples of closely related tissues are kidney and lung, stomach and small intestine, and to a lesser degree muscle and heart. Interestingly, the eye is closer related to spinal cord than to brain, although it is a derivative of the latter. The dendrogram does not show a consistent affinity of organs derived from the three germ layers, e.g. kidney is more related to endodermal than to mesodermal tissues and the brain is separated from other neuroectodermal derivatives.
We used k-means clustering (Tavazoie et al., 1999) to split the dataset arbitrarily into five clusters (Fig. 5) , which are also colour-highlighted in Fig. 4A (bar on the left). K-means clusters have a high degree of similarity within each cluster Fig. 5 . K-means cluster analysis. The dataset was split with k-means clustering in five clusters whose mean expression profile is shown in A-E. The number of clones in each cluster is indicated. Linear expression ratios are shown, where levels O1 and !1 indicate induction or repression relative to reference, respectively. and a low degree of similarity between clusters. The maternalembryo cluster contains 30% of clones of the dataset and is characterized by genes that are expressed maternally in ovary and egg and particularly expressed during early embryonic development, but not in adult organs (Fig. 5A ). This cluster is the tightest in the hierarchical cluster diagram (Fig. 4A, blue) . Many of the genes of this cluster encode proteins with a role in DNA structure/maintenance and protein secretion. Indeed, the cluster includes the chromatin, cell cycle, RNA processing and endoplasmic reticulum synexpression groups described below. Genes of the smaller maternal-ubiquitous cluster are also abundantly expressed in ovary and egg but show a moderate expression in all other samples (Fig. 5B) . Its genes are scattered in the hierarchical clusterdiagram (Fig. 4A, pink) and there is no obvious bias regarding their functional role. The progressive cluster contains genes whose expression is low in eggs, commences in neurulae and is high in adult organs, including the gonads (Fig. 5C ). Significantly, it contains the protein biosynthesis group described below (Fig. 4A, yellow) .Theexpression of genes in the late embryo cluster also starts in neurulae but is only weak to moderate in adult organs (Figs. 5D,4A green). It contains many genes expressed in muscle and epithelia, which form sub-clusters described below, as well as genes expressed in liver. The larval-adult cluster contains another 30% of clones of the dataset and its expression profile is the mirror image of the maternal-embryo cluster (Fig. 5A) , with moderate expression in embryos and high expression in adult organs (Figs. 5E,4A orange). It contains genes functioning in vesicle traffic, microtubules, respiratory chain and Krebs cycle.
Co-regulated gene clusters
Magnification of the global hierarchical cluster (Fig. 4A ) revealed sub-clusters of genes sharing a similar expression profile as well as functioning in common molecular processes, indicative of synexpression groups. We identified 15 such groups that varied in size between 23 and 1,328 clones. In Figs. 6-20, these cluster diagrams are displayed along with corresponding lists of genes. The confidence for a gene belonging to a given cluster increases with the number of clones (recurrences) representing the same gene. Typically, only partial lists containing genes with at least two recurrences are shown for brevity, with genes ranked by the number of recurrences. Complete lists are available as supplementary data (supplementary Tables 2-16 ).
The protein biosynthesis group (Fig. 6 ) is the largest cluster including many genes encoding proteins involved in this process (e.g. ribosomal proteins, translation initiation and elongation factors). The genes show low expression in early embryos and high expression in organs, particularly in stomach and intestine, with exception of neural tissues. However, within this cluster a few genes are scattered which are unlikely to have a role in protein biosynthesis and may just fortuitously share a similar expression profile, e.g. the myosin regulatory light chain 2 and thymosin.
Such false-positives occasionally occur in other groups as well and may also be caused by annotation problems due to chimeric cDNA clones.
An equally large cluster is the chromatin group, which shows a reverse expression pattern to the ribosomal group, high in embryos and low in organs (Fig. 7) . Genes of this cluster encode proteins with a role in chromatin structure and function, including histones, high mobility group proteins, and DNA topoisomerases.
Genes belonging to the RNA processing group show an expression profile related to that of the chromatin group, with expression level high in embryos and low in organs (with the exception of the ovary) (Fig. 8) . This group includes genes encoding proteins involved in mRNA and rRNA binding and processing, such as splicing factors (e.g. U2AF, ASF-1, SAP62), RNA helicases (NHP2-like protein 1, RNA helicase DECD), nucleolar proteins involved in ribosomal RNA synthesis, processing and ribosome maturation (fibrillarin, diskerin, nop5, nop56 and nopp140) and ribonucleoproteins.
Genes encoding proteins that play a role in the Krebs cycle are co-ordinately expressed (e.g. succinyl-CoA-synthetase, glutamate dehydrogenase, succinate dehydrogenase, malate dehydrogenase) and they cluster closely together with genes acting in the respiratory chain (cytochrome oxidase polypeptides, NADH dehydrogenases, NADH-ubiquinone oxidoreductase subunits, ATP synthase subunits). Their strongest expression is in heart and muscle (Fig. 9) .
Genes of the cell cycle group encode proteins involved in cell cycle regulation, in particular in the G2-M phase, including cyclins and cell division control proteins. Other genes include tpx2, involved in spindle pole formation (Wittmann et al., 2000) , and geminin H, a regulator of DNA replication (McGarry and Kirschner, 1998) . Gene transcripts of this cluster are predominantly found in eggs, consistent with the latter being arrested in the meiotic G2 phase. High levels are also found at early embryo stages, when cells are rapidly dividing. The genes are down-regulated in adult organs with exception of the gonads (Fig. 10) .
Genes of the endoplasmic reticulum (ER) group encode typical components of the ER, e.g. the ER integral membrane protein Calnexin (Tjoelker et al., 1994) , components of the protein translocation complex Sec61, the signal recognition particle, p24 and ARF4, that are all involved in ER membrane trafficking (Fig. 11) . This group of genes is more or less ubiquitously expressed in embryos but shows a distinct profile in adult organs, e.g. with higher expression in liver, which is a secretory organ, and low expression in heart and brain.
A functionally related module is the vesicle transport group, encoding proteins with a role in vesicle trafficking through the Golgi apparatus, e.g. Clathrin-and Coatamer components (Fig. 12) . The gene most represented is the calmodulin1 isoform. Interestingly, this group shows a very different expression profile from the ER group, with
Figs. 6-20. Co-regulated gene clusters. Each diagram is a magnification of a sub-cluster from the hierarchical cluster diagram shown in Fig. 4A . No reordering was carried out nor gaps introduced. The dendrogram of clones (green, left) indicates the relatedness in expression of the genes. Individual clones are resolved depending on magnification. The cut-off for genes belonging to a synexpression group was necessarily subjective. In general, wherever in the diagram a local rather low expression in embryos compared to adult organs, where expression in spinal cord is particularly high.
A third cluster of genes functioning in transport vesicles is the synaptic vesicle group, genes of which show strong expression in brain and in spinal cord (Fig. 13) . Its expression profile is related to, yet distinct from that of the vesicle transport group. Vacuolar H C -ATPase makes up about 20% of the total protein of rat brain synaptic vesicles (Floor et al., 1990) and two of its subunits, B and E, are represented in this group. Calmodulin binds to synaptic vesicles (Hooper and Kelly, 1984) and calmodulin2 is the isoform specifically represented in this list. Tubulin is associated with synaptic vesicles, and Receptor protein tyrosine phosphatase alpha is essential for synaptic plasticity (Petrone et al., 2003) . Finally, a Drosophila homolog of Myeloid leukemia factor 1 may be associated with vesicles in fly retinal cells (Kazemi-Esfarjani and Benzer, 2002) .
The microtubule cluster group contains tubulins and genes encoding microtubule binding proteins such as XEB1B (Berrueta et al., 1998 ) and 14-3-3 proteins (Hashiguchi et al., 2000) . They show a progressive expression during embryogenesis and a complex profile in different adult organs. Their high expression in neural derivatives is likely due to the abundance of microtubules, important in axonal transport (Fig. 14) . A related expression profile is exhibited by the intermediate filament group (Fig. 15) , containing Vimentins and Vimentin binding proteins such as 14-3-3 isoforms (Tzivion and Avruch, 2002) and FK506-binding protein (Perrot-Applanat et al., 1995) .
Genes of the epithelial group (Fig. 16 ) encode proteins with a structural or regulatory role in epithelia, such as Keratins, Plakins (Leung et al., 2001) , Claudin (Heiskala et al., 2001) and Villin (Friederich et al., 1990) . The genes show a wave of expression in mid-embryogenesis and they are weakly expressed in adult organs, and particular low in testis, neural and muscle derivatives, which are mostly devoid of bona fide epithelia.
The collagen group is a small group of genes encoding collagens and collagen binding proteins such as Fibrillin (Kielty et al., 1991) and SPARC (Iruela-Arispe et al., 1996) . The genes are induced at mid-embryogenesis and show highest expression in feeding tadpoles (Fig. 17) . In adult organs, the expression of these genes is low with exception of the eye and lung, which are rich in collagen.
Clones that are highly expressed in just one or two adult tissues were easily identified in the hierarchical cluster because they constitute tight sub-clusters with a unique expression profile. Many of the known cement gland and hatching gland markers cluster together (Fig. 18 ), e.g. xag (Sive et al., 1989) , cg1 (Sive and Bradley, 1996) , uvs.2 (Sato and Sargent, 1990 ) and xa1 (Hemmati-Brivanlou et al., 1990) . They show expression in the anterior neurula half and tadpole head (Fig. 18; sample '19a' and '28a') . The only adult organ where these genes are expressed is the stomach. Genes of the muscle group encode skeletal muscle specific proteins such as Myosin and skeletal Troponins (Fig. 19) . Genes expressed in both muscle and heart encode general muscle-specific proteins, including Titin, Tropomyosin, Actin, Troponin, and Cipher (Zhou et al., 1999) (Fig. 20) .
Data filtering
To select groups of genes with particular spatially or temporally restricted expression the dataset was subjected to a filter analysis. The dataset was transferred to a database (iChip; http://www.dkfz.de/ibios/ngfnServices/dataManagement/index.jsp) to carry out complex queries. In the resulting lists (Tables 1-18 ), the expression level (ratio of sample/pool) or, where applicable, the difference (D) of expression levels of two compared samples are indicated. Again for simplicity and brevity we present abbreviated lists limited to maximally one page per query. The lists typically contain only genes that are represented by at least two clones, except for some well known markers that are listed even if present only once. Complete lists are available as supplementary material (supplementary Tables 17-45 ) and on the web http://www.dkfz.de/molecular_embryology/microarraydb.html. These lists will be useful to select region-and organ-specific marker genes.
Genes preferentially expressed in embryogenesis and adults
A global overview of genes preferentially expressed in embryogenesis and adults, respectively, was obtained by filtering clones expressed in at least one embryonic stage and not expressed in any organ (Table 1) , or expressed in at least one organ and not expressed in any embryonic stage (Table  2 ). According to these filters about 10% (2,032) of the clones of the dataset are preferentially expressed in embryo and 2.5% (517) are preferentially expressed in the adult. One should keep in mind though, that there is a bias towards embryonic genes since the clones represented on the microarray were from embryonic cDNA libraries. Some general conclusions can be drawn from these two lists. A great majority of the genes expressed during embryogenesis function in DNA/chromatin and RNA structure maintenance and processing (e.g. histones, HMG, hnRNP, splicing factors, swi/snf, histone deacetylases, RNA binding proteins). Other genes function in embryo-specific organs or processes, e.g. in tail specification (xpo, xmc) and in the cement gland (xag). Many of the genes preferentially expressed in adult organs are muscle-specific, e.g. certain forms of troponin, myosin, actinin, titin, and Krebs cycle/ mitochondria-specific components. This may be due to the fact that muscle is among the first tissues to terminally differentiate during embryogenesis, and hence, compared to other organs, muscle specific genes are over-represented on the microarray.
Genes expressed predominantly in the dorsal side of gastrulae
The Spemann organizer localized in the dorsal blastopore lip of gastrulae is of central importance for establishing the embryonic axes. Since many regulatory genes of the organizer are regionally expressed, it was interesting to select genes whose expression is enriched in the dorsal half of gastrulae or in dissected dorsal blastopore lips. Genes expressed at least 2-fold higher in these tissues than in ventral halves include many known organizer effectors, e.g. admp1, zic3, pintallavis, otx2, papc, and sox2. The classical organizer gene chordin shows the highest differential expression with a D of 5.5 (Table 3) .
Genes expressed predominantly in the ventral side of gastrulae
In the reverse query for ventrally expressed genes, many known genes with predominantly latero-ventral expression such as vox1, xvent1, xvent2, vegT, gata2, and BMP receptor were found. Among these xvent1 is the most ventrally expressed and shows the highest differential expression with a D of 3.1 (Table 4) .
Genes expressed predominantly in the posterior half of neurulae
Known genes with posterior expression included in this list are xpo, xcad3, xcad1, xvent2, vox1, and xmc (Table 5) .
Genes expressed predominantly in the head at tadpole stage
This group contains known anteriorly expressed genes such as the cement gland or hatching gland markers xag, xa6-1, xa1, cg1, uvs.2, which typically show a high D, as well as many neural-specific genes, e.g. HMGX (Kinoshita et al., 1994) , sox genes, six2 (Ghanbari et al., 2001) . Thus, this list will be useful to identify other genes with predominantly anterior or neural expression (Table 6 ). 
Genes expressed predominantly in the trunk at tadpole stage
Many of these genes are known to be muscle specifically expressed, e.g. myosin, troponins, and mlc1f/3f, or encode glycolytic or glycogen-metabolizing enzymes, which are highly expressed in muscle, e.g. lactate dehydrogenase, aldolase, glucose 6-phosphate translocase, glucose-6-phosphatase and pyruvate carboxylase.
To identify putative markers for individual organs we filtered genes which are weakly expressed in any embryo stage and highly expressed in only one (exceptionally two) organs (Table 7) .
Brain
While the majority of genes included in this list have no or low similarity to known genes, many of the annotated ones are expressed predominantly in brain, e.g. rhodopsin, FKBP12.6 (Bennett et al., 1998) , clock and vacuolar ATP synthase subunit d (Carrion-Vazquez et al., 1998) (Table 8) .
Spinal cord
This list contains the major nerve terminal protein Calmodulin (Hooper and Kelly, 1984) . Other CNS-specific genes include calcium/calmodulin-dependent protein kinase II gamma L subunit (Stevens et al., 2001 ), ATPase beta3 (Good et al., 1990) and peripherin/xif3 (Sharpe et al., 1989) (Table 9 ).
Eye
Transducin related G-proteins are markers of the retina (Lerea et al., 1986) and G-protein B1 subunit and transducin b-chain are the genes with the highest differential expression in this list. The retinal epithelium plasma membrane contains proteins of the Syntaxin family, a representative of which is part of this list (Low et al., 2002) . Other genes expressed both in retina and neurons include neuropilin1 (nrp1) (Oh et al., 2002) , smad4a (Masuyama et al., 1999) and hes5 (Takebayashi et al., 1995) (Table 10) . 
Small intestine
The a-subunit of the ATPase sodium-potassium pump is highly concentrated in the mucosa and in neurons in the guinea-pig ileum (Biser et al., 2002) . For other genes of this list a predominant expression in small intestine is unknown (Table 11) .
Liver
Genes of this list encode proteins involved in liver-specific processes, e.g. iron metabolism (heme oxygenase and ferritin), glycogenolysis or gluconeogenesis (glucose-6-phosphate translocase; Hosokawa and Thorens, 2002) and plasma protein biosynthesis (complement factors, alpha-2-macroglobulin) (Table 12) .
Heart
The list includes expected markers encoding structural proteins, e.g. cardiac Troponin, alpha cardiac Actin, and Krebs cycle/mitochondria-specific proteins, e.g. NADH dehydrogenase, Ubiquinol-cytochrome c reductase, Acetyl-Coenzyme A acyltransferase (Table 13) . 
Kidney
Only few genes of our analysis with expression enriched in kidney are known to be kidney specific, e.g. the amino acid transporter lat2 (Rossier et al., 1999) and lbp/crtr1I (Rodda et al., 2001) (Table 14) .
Lung
Genes with lung specific expression in Xenopus are caveolin1 (Razani et al., 2002) and the smooth muscle-specific transgelin2/SM22 (Solway et al., 1995) (Table 15) . Filters applied: EL !K1 in whole-embryo samples; EL in brain OC2 and at least 2-fold higher than in the remaining organs (with one possible exception). When a contig recurred more than once, a representative clone is shown. Genes are ranked by expression level. NIBB ID, clone identity number (http:// xenopus.nibb.ac.jp/); TC, TIGR contig; Rec, number of recurrences of a contig in the list; EL, clone expression level (log 2 ratio of intensity values sample/ reference). Filters applied: EL !K1 in whole-embryo samples; EL in spinal cord OC2 and at least 2-fold higher than in the remaining organs (with one possible exception). When a contig recurred more than once, a representative clone is shown. Genes are ranked by expression level. NIBB ID, clone identity number (http://xenopus.nibb.ac.jp/); TC, TIGR contig; Rec, number of recurrences of a contig in the list; EL, clone expression level (log 2 ratio of intensity values sample/reference).
Gonads
To identify putative gonad specific markers, genes were filtered whose expression was at least moderate in ovary, egg and testis. The resulting list is enriched in genes with a gonad expression/function. kinesin central motor 1 regulates microtubule assembly and organization during maturation of Xenopus oocytes (Becker et al., 2003) . The main isoform of casein kinase 1 delta is expressed specifically in the testis (Graves et al., 1993) . Mutation of the E2 ubiquitinconjugating enzyme homolog in Drosophila causes sterility in females (Lilly et al., 2000) . Stearoyl-coenzyme A desaturases play an important role in draining the testis of essential polyunsaturated fatty acids (Saether et al., 2003) (Table 16 ). Filters applied: EL !K1 in whole-embryo samples; EL in eye OC2 and at least 2-fold higher than in the remaining organs (with one possible exception). When a contig recurred more than once, a representative clone is shown. Genes are ranked by expression level. NIBB ID, clone identity number (http:// xenopus.nibb.ac.jp/); TC, TIGR contig; Rec, number of recurrences of a contig in the list; EL, clone expression level (log 2 ratio of intensity values sample/ reference).
Ovary
Among the genes found, geminin, a DNA replication inhibitor, is expressed throughout the animal hemisphere from oocyte through late blastula (Kroll et al., 1998; McGarry and Kirschner, 1998) . Cortical granule lectin encodes a specialized lectin found in X. laevis oocytes cortical granules (XL35) preventing polyspermy ). Mouse mer is expressed during oocyte maturation and preimplantation (Temeles et al., 1994) . ClaudinA is abundantly expressed in eggs (Brizuela et al., 2001) (Table 17) .
Testis
Of all genes in this list the germ cell-specific msy2 is most differentially expressed with an expression level of 4.3 and in mouse it shows maximal expression in postmeiotic spermatids (Gu et al., 1998) . The cell division control 2 gene (cdc2) encodes p34, a protein that controls the reproductive cycle in eukaryotes and that is particularly abundant in the seminiferous tubules of the testis, a highly proliferative tissue (Doussis-Anagnostopoulou et al., 1994) . Mutation of a splicing variant of mouse lis1 mRNA leads to infertility (Nayernia et al., 2003) . 'Testis-specific gene 2'/gkap42 encodes a cGMP-dependent protein kinase specifically expressed in testis, where it is restricted to the spermatocytes and early round spermatids (Yuasa et al., 2000) (Table 18 ).
Discussion
Overview and methodological aspects
Large-scale gene expression analysis is an important aspect of modern developmental biology, which aims to unravel differential gene expression that drives and accompanies cellular differentiation. Here we present the first large-scale cDNA microarray gene expression profiling in X. laevis. With 21,000 clones and 37 samples, representing both embryos and adult tissues, this constitutes one of the largest datasets currently available in vertebrates. One mouse study reported the analysis of 49 samples and 18,000 Filters applied: EL !K1 in whole-embryo samples; EL in small intestine OC2 and at least 2-fold higher than in the remaining organs (with one possible exception). When a contig recurred more than once, a representative clone is shown. Genes are ranked by expression level. NIBB ID, clone identity number (http://xenopus.nibb.ac.jp/); TC, TIGR contig; Rec, number of recurrences of a contig in the list; EL, clone expression level (log 2 ratio of intensity values sample/reference). Filters applied: EL !K1 in whole-embryo samples; EL in liver OC2 and at least 2-fold higher than in the remaining organs (with one possible exception). When a contig recurred more than once, a representative clone is shown. Genes are ranked by expression level. NIBB ID, clone identity number (http:// xenopus.nibb.ac.jp/); TC, TIGR contig; Rec, number of recurrences of a contig in the list; EL, clone expression level (log 2 ratio of intensity values sample/ reference).
cDNAs (Miki et al., 2001) , while another was limited to 20 adult organ samples (Bono et al., 2003) ; a microarray study in zebrafish used seven embryonic stages and 3000 cDNAs (Lo et al., 2003) . Thus, our analysis will be a useful resource not only for the Xenopus community but also for researchers focussing on other vertebrates. The accuracy of the microarray expression data was underlined by the observation of the expected expression profiles of numerous marker genes. Furthermore, co-expressed gene clusters were identified which repeatedly contained genes with related biological roles. However, a limiting factor in the interpretation of the data is the lack of reliable annotation of 30% of the analyzed clones. Even where sequence annotation is available, it is frequently either not informative or it is changing with new database releases. Inadequate annotations may also partially explain false-positives in the synexpression groups identified. Clone annotation may improve with the future availability of the Xenopus tropicalis genome sequence. Another limiting factor is the relatively low sensitivity of the microarray analysis, as was observed previously (Altmann et al., 2001 ). We noticed that many regulatory type genes were underrepresented in the final dataset. For example, only 18 of 43 clones spotted on the arrays, which represent seven genes belonging to the BMP4 synexpression group (Karaulanov et al., 2004) , passed filtering for low quality-signal. Furthermore, they do not fall into a single (synexpression) cluster, likely because their expression levels were still too Filters applied: EL !K1 in whole-embryo samples; EL in heart OC2 and at least 2-fold higher than in the remaining organs (with one possible exception). When a contig recurred more than once, a representative clone is shown. Genes are ranked by expression level. NIBB ID, clone identity number (http:// xenopus.nibb.ac.jp/); TC, TIGR contig; Rec, number of recurrences of a contig in the list; EL, clone expression level (log 2 ratio of intensity values sample/ reference).
noisy. In contrast, synexpression groups previously identified by WISH and encompassing metabolic/housekeeping type genes, such as the ER and Chromatin groups, were readily confirmed in this study (see below).
A bias in the microarray data is necessarily introduced by the choice of reference mRNAs since microarray expression data yield relative levels of transcript abundance. Ideally, the reference sample should represent the genes expressed in all samples and with intermediate expression level. In this respect our choice of a pool of eight embryonic samples seemed a reasonable compromise (König et al., 2004) .
Tissue-relatedness
Large expression datasets permit to quantify the relative similarity of different samples to each other and in this context we have introduced the concept of tissue-relatedness (Gawantka et al., 1998) . Tissue-relatedness of adult organs shows some expected relationships but also unexpected affinities, e.g. between kidney and endodermal organs. Similarly, the only adult organs that significantly re-express genes of the cement gland cluster are stomach and intestine and interestingly some of these genes encode mucins. This raises the possibility that despite its ectodermal origin the cement gland may functionally be more related to endoderm. These results support the idea that the germ layer concept may be somewhat artificial (Willmer, 1990) and that gene expression relationships between organs rather follow the commonality of the functional processes they carry out.
Major embryonic phases
Clustering of embryonic stages suggests four major phases characterised by distinct gene expression patterns: a maternal phase, an early and late embryonic, as well as a larval phase. Similar phases were also revealed by kmeans clustering of expression profiles, except that the maternal and early embryonic phases were not readily distinguishable. The types of genes expressed during these Filters applied: EL !K1 in whole-embryo samples; EL in lung OC2 and at least 2-fold higher than in the remaining organs (with one possible exception). When a contig recurred more than once, a representative clone is shown. Genes are ranked by expression level. NIBB ID, clone identity number (http:// xenopus.nibb.ac.jp/); TC, TIGR contig; Rec, number of recurrences of a contig in the list; EL, clone expression level (log 2 ratio of intensity values sample/ reference).
phases are correlated with developmental events (Fig. 21) . During the early embryonic phase, genes promoting rapid cell division of multipotent cells are co-ordinately expressed. During mid-embryogenesis, cells have used up maternally stored proteins and induce co-ordinate expression of components for protein biosynthesis machinery. In the larval-adult phase most cells exit the cell cycle and terminally differentiate, which is accompanied by co-ordinate down-regulation of chromatin/cell cycle components and induction of tissue-and organ-specific gene batteries.
Co-expressed gene clusters and synexpression groups
One of the major revelations from large-scale gene expression analyses is the observation of co-ordinate expression of genes that function in common molecular processes. Such co-regulated gene clusters or synexpression groups reveal modular molecular processes and supramolecular machineries and they allow strong predictions about the biological role of uncharacterized member genes. We identified 15 clusters, of which 13 qualify as synexpression groups, since the muscle and cement gland groups may merely reflect genes with highly tissue-specific expression. The large chromatin synexpression group was previously identified in our large-scale WISH screens (Gawantka et al., 1998; Pollet et al., 2005) but the present analysis expands the list of member genes. Our study reveals an RNA processing group, which includes nuclear proteins involved in mRNA splicing as well as nucleolar components involved in ribosome biogenesis. Similar groups were previously identified in yeast and in Drosophila, but with a smaller number of genes, e.g. an RNA splicing group (Eisen et al., 1998) and a group of nucleolar maternal genes involved in rRNA processing (Raychaudhuri et al., 2003) . Genes of the large protein biosynthesis group are characteristically expressed in cells becoming postmitotic and their coordinate expression has been noted in other microarray studies (Eisen et al., 1998; Arbeitman et al., 2002; Lo et al., 2003) . A remarkable modularity of components functioning in membrane trafficking is revealed by the ER, vesicular transport and synaptic vesicle groups. ER and coatamer protein groups were also observed previously (Gawantka et al., 1998; Arbeitman et al., 2002) . Components of cell cycle and metabolic processes are co-ordinately regulated (Eisen et al., 1998; Iyer et al., 1999; Miki et al., 2001 ) and we confirm these observations with the cell cycle, respiratory chain and Krebs cycle synexpression groups. Components of supramolecular structures, such as the proteasome and ribosome, are known to be co-regulated (Eisen et al., 1998; Arbeitman et al., 2002; Lo et al., 2003) . The microtubule, intermediate filament, and collagen synexpression groups we found confirm this principle. An interesting novel synexpression group is the epithelial protein group, which shows a very characteristic expression profile.
Historically, synexpression groups were identified by WISH (Gawantka et al., 1998) . WISH provides a direct evaluation of spatial gene expression at high resolution, compared to microarray analysis, which yields a calculated expression profile of low resolution. The fact that the ER and the chromatin synexpression groups (Gawantka et al., 1998) were re-identified in this study provides proof of principle for the validity of assigning synexpression groups from large-scale microarray expression analysis. However, to eliminate false-positive genes among the synexpression groups described here, it will be important to confirm them by WISH.
Note that other synexpression groups may exist in our dataset where a common functional principle escaped our attention or is not evident. It will be interesting to search for common regulatory elements in the promoters of coexpressed genes of synexpression groups, because their regulation may be ruled by few specific transcriptional regulators.
Perspective
In this study, we have collected more than 1,400,000 gene expression data and this will constitute a highly valuable resource for vertebrate research in general and more particularly for the Xenopus research community. The characterisation of genes identified in the X. tropicalis Filters applied: EL !K1 in whole-embryo samples; EL in testis OC2 and at least 2-fold higher than in the remaining organs (with one possible exception). When a contig recurred more than once, a representative clone is shown. Genes are ranked by expression level. NIBB ID, clone identity number (http:// xenopus.nibb.ac.jp/); TC, TIGR contig; Rec, number of recurrences of a contig in the list; EL, clone expression level (log 2 ratio of intensity values sample/ reference). genome project will greatly benefit from these expression data. The lists of genes filtered for potential stage-, regionand organ-specific expression will facilitate the identification of novel markers, which may be analyzed by systematic gain of function analyses Voigt et al., 2005) . Identification of human disease gene candidates will benefit by exploiting the expression profile of Xenopus orthologs. Furthermore, the presence of uncharacterised genes in the synexpression groups makes strong predictions of their function. This can now be readily tested using antisense morpholino injection experiments. Finally, analysis of this dataset can further evolve: it can be normalized, clustered, newly annotated and queried using parameters specified by other users, since all raw data are publicly available (http://www.dkfz.de/ molecular_embryology/microarraydb.html).
Experimental procedures
Sample collection and preparation
In vitro fertilisation, embryo culture and staging of X. laevis embryos were carried out as described (Gawantka et al., 1995) . Embryos were either whole or cut as described in the text. LiCl treatment was for 40 min in 0.12 M LiCl at the 32-cell stage and embryos were harvested at stages 10.5 or 28. For suramin treatment stage 6-6.5 embryos were injected into the blastocoel with 15 nl 2 mM Na-suramin (Hoechst) in Gurdon's buffer (88 mM NaCl, 1 mM KCl, 15 mM Tris-HCl, pH 7.5) and harvested at stage 19. Organs were dissected from adult frogs and stored in RNAlater (Ambion) until RNA extraction. The synthetic mRNAs of the external positive controls were obtained by in vitro transcription (Ambion MEGAscript kit) and added to the total RNA samples. Total RNA isolation, RT reaction and dye-coupling reaction for the fluorescent sample preparation, were as described (König et al., 2004) . The common reference for all hybridisations was a pool of equal mRNA amounts from egg, and embryo stages 10.5, 13, 19, 24, 28, 38, and 47 . An exception are the dissected organiser samples, for which the reference was an equal mixture of mRNAs from whole embryos of stages 8, 9, 10.5, 15 and 33. The raw data of the latter will be published elsewhere (Koide and Cho, in preparation). Sample and pool-reference cDNAs were labelled with Cy5 and Cy3, respectively.
Microarray slide manufacturing, hybridisation and scanning
Microarray slides were prepared as described (Tran et al., 2002; Peiffer et al., 2003) . The clones present on the arrays include 42,240 ESTs derived from stages 15 and 25 embryonic cDNA libraries, 313 Xenopus control clones (e.g. elongation factor 1 alpha and cytochrome c oxidase) and 13 different 200 bp-fragments of lambda phage genes as exogenous controls. The clones were divided on two chips, which were identically processed and handled in parallel during all further steps.
Slide pre-hybridisation, hybridisation and washes were performed as described (König et al., 2004) . Slides were scanned soon after washing with a ScanArray Lite scanner (GSI Lumonics-Packard). The images were analysed using GenePix Pro4 software (Axon Instruments) to extract raw data of intensity values, where for each spot the median of pixel intensities across its area and the local background were calculated for the red and the green channel, respectively. Experiments with poor signals or images were discarded.
Data processing (normalization, filtering, analysis)
We applied a normalisation technique described in detail elsewhere (Beissbarth et al., 2000) . The normalisation was done separately for each series of the two sets of arrays. After local background subtraction for each spot, the dataset was divided into two subsets: values for green and red of a clone, respectively (reference and sample). The 5% percentile of each of these sub-sets was subtracted from the signal values to correct for global background. Each signal value was divided by the median of its subset. For calculating this median, low signal values (1/3 of all values) were not taken into account to reduce the influence of higher noise in this range. Each value was multiplied by a constant (constantZ1000) to bring them into the range of the original raw values. Each value smaller than 1 was set to 1. A constant (constantZ99) was added to all values accounting for less variant ratios in the low signal range. Logarithmic ratios of red versus green values were calculated. Each value that was flagged manually in the image analysis as 'bad' was replaced by the median of all hybridisations (of series A and B, respectively) for the corresponding clone. For the filtering step, a ranking list was calculated based on increasing median of the intensity values: 50% of clones with high ranking where considered for further analysis. Clustering analysis of the normalized and filtered dataset was performed with GeneSpring 6.1 software (Silicon Genetics). The 'Pearson Correlation' was chosen as similarity measure for k-means and hierarchical clustering of the genes, the 'Distance' measure was chosen in the hierarchical clustering of the samples (GeneSpring User Manual, Silicon Genestics).
Data storage and warehousing
For storage of gene expression data and to carry out data filter analysis we used our proprietary iChip database. This repository for gene expression and gene annotation data is a relational database management system (Oracle RDBMS running on a Unix system) and data warehouse including front-end tools for the insertion, presentation and maintenance of data (Krebs et al., 2002) ; further iChip database information are available at http://www.dkfz.de/ibios/ngfnServices/dataManagement/ index.jsp. For browsing the iChip Xenopus database see http://www.dkfz.de/molecular_embryology/microarraydb. html.
Clone annotation
We annotated 42,566 clone sequences obtained from the NIBB/NIG X. laevis EST project (http://xenopus. nibb.ac.jp/), they can be requested from NIBB using the 'clone request form'. We followed a two-phase annotation scheme in order to achieve a unified annotation with other Xenopus information resources and also to expand the existing annotation. First, we mapped NIBB clones to other resources like Xenopus Gene Indices (XGI release 5.0; (Quackenbush et al., 2001) ; http://www. tigr.org/tdb/tgi/xgi/) and utilised their available annotations. This initial step yielded a direct link between 31,636 NIBB clones to corresponding 13,177 XGI contigs. Out of these, 6,822 XGI contigs matching to 20,237 clones (47.5% of the clones) hold valid annotation. In the second step, we annotated the 11,399 clones matching 6,355 XGI contigs that lack information and the remaining 10,988 clones that did not match to any XGI contigs (in total 22,387 clones, 52.5% of all clones) as follows. Our annotation procedure is based on sequence similarity search against both a protein database (SWISSPROT; Boeckmann et al., 2003) as well as a nucleotide database (Unigene databases (Wheeler et al., 2003) for vertebrate organisms). In order to achieve better annotation we applied rules for selecting the suitable query sequence as well as selecting the appropriate homolog from the search results. (1) The similarity search with the contig sequences is more consistent than with the short 5 0 or 3 0 clone sequences. For this reason, we utilised the whole contig sequence for the 11,399 clones which mapped to 6,355 XGI contigs lacking annotation (see above), while for the remaining clones we made use of the clone sequence itself. (2) Since the functional transitivity at protein level is more reliable, we gave preference to SWISSPROT hits and only in the absence of SWISSPROT hits we utilised the Unigene information. With this approach we successfully annotated 16,423 clones (38.6% of the clones). 
